A 400 m 2 soil test field with gas injection system was built up for the purpose of large-scale validation, optimization, and characterization of a novel comprehensive monitoring method for underground gas storage areas. The method combines gas sensing technology with linear form factor for in-situ monitoring of gases in soil with the mapping capabilities of Computed Tomography (CT) to reconstruct time-series of gas distribution maps based on samples of orthogonally-aligned linear gas sensors. Several injection experiments with carbon dioxide (CO 2 ) at different days with varying boundary conditions indicates the potential of the method for, e.g., rapid leakage detection with respect to Carbon Capture and Storage (CCS) issues.
Introduction
Carbon Capture and Storage (CCS) is a promising technology for reducing greenhouse gas emissions associated with, e.g., electricity production by coal-fired power plants. However, adequate technologies for comprehensive monitoring of subsurface carbon dioxide (CO 2 ) storage areas¹ are still missing. Essential aspects associated with these technologies are the rapid identification of CO 2 leaks in critical areas and the continuous quantification of escaping CO 2 from the repository [3] . In addition, transport and storage facilities for hydrogen (H 2 ) and natural gas (containing mainly methane -CH 4 ) demand for equivalent rapid monitoring solutions, e.g., to enhance the safety of energy supplies of renewable energy systems (photovoltaic, wind power) by power-to-gas conversion technologies.
Therefore, a novel sensor concept for distributed, area-wide monitoring of underground gas storage areas is developed that combines membrane-based linear gas sensors for in-situ monitoring of gases in soil with the mapping capabilities of Computed Tomography (CT) to reconstruct spatially and temporally resolved gas distribution maps. Compared to conventional sensors (e.g., soil air probes, borehole probes, or gas sampling with subsequent spectroscopy) that can only be used for synoptic point measurements, the linear sensor supports the identification of leakages in critical regions with dimensions in the order of magnitude of 100 × 100 m 2 , such as abandoned wells, critical public/industrial infrastructures, or critical geological formations by a much better coverage of the region to be monitored. The monitoring system works reliable within a subsurface, responds rapidly, and is noninvasive after sensor installation (no influence on the monitoring object, due to permanent presence of the sensor in the ground) [2] .
For the purpose of large-scale validation and optimization of the sensor system, a 400 m 2 soil test field with gas injection system was constructed [2] . Similar controlled CO 2 release facilities have been built with different focus across the projects, from testing detection technologies to specifically determining impacts of CO 2 , for example, the CO 2 FieldLab in Norway [11] , the ZERT Controlled
Release Site in the USA [25] , and the Ginninderra Greenhouse Gas Controlled Release Facility in Australia [9] . This paper is structured as follows, we first review in Section 2 existing monitoring technologies applicable for CCS. Then, we present an innovative sensor concept for distributed subsurface monitoring of gas storage areas (Section 3). Next, we describe in detail the setup of the large-scale soil test field with gas injection system (Section 4) that is used to enhance and validate the monitoring approach. A weighted iterative algebraic reconstruction method based on Maximum Likelihood with Expectation Maximization (MLEM) is described in Section 5 that reconstructs spatial and temporal resolved gas distribution maps based on samples of the orthogonally-aligned linear gas sensors. The algorithm was extended in [22, 23] to be able to discriminate between true and non-existing so-called ghost source locations while the presence of multiple gas sources. Then, we present results of several gas injection experiments that have been performed at different days with varying boundary conditions (Section 6). Finally, we draw conclusions and identify directions of future work (Section 7).
Related work
A large number of potential technologies for monitoring CO 2 storage sites already exist [15] . A survey of these technologies can be found in [5, 6, 17, 18] .
Monitoring technologies can be categorized into deep and shallow monitoring or into direct and indirect methods for gas detection. The objective of deep monitoring is to track the movement of the injected CO 2 within the storage reservoir and its migration into its surroundings. This information can be used to confirm the amount of stored CO 2 in the target reservoir and to adjust and optimize storage and injection options. Another objective of deep monitoring is the early detection of CO 2 leakage from the deep repository. Deep monitoring can be implemented preferentially by indirect working geophysical methods (e.g., seismic, electro-magnetic, gravimetry), whereas deep wells allow also a direct observation of target gas and fluid composition.
The main objective of shallow monitoring is to detect and measure CO 2 that has migrated into the shallow subsurface or surface / atmosphere. Therefore, mostly direct observation methods were applied. There are different technologies and methods for surface and near-surface monitoring which include soil and vadose zone gas sampling [24] , CO 2 detectors, laser systems and Light Detection and Ranging (LIDAR), soil flux monitoring based on accumulation chambers and micrometeorological eddy flux monitoring [1, 7, 19] , and monitoring of tracers [12, 27] . Beside direct monitoring methods fluid-rock interactions [8] were studied, surface deformation monitoring [28] was performed, and geoelectric measurements were applied in the shallow subsurface [10, 13] .
Several challenges exist when CO 2 monitoring is performed directly in the atmosphere. At the small (meter sized) scale of a leakage gas mixing causes a highly variable dispersion and dilution of the escaping CO 2 [15] making it difficult to quantify the gas flow with techniques like local CO 2 detectors, LIDAR-systems, or eddy covariance. "There exist several sources of CO 2 emissions like soil and vegetation, and at the larger scale, e.g., urban traffic, combustion, and other industrial processes that may mask a leakage due to magnitude and temporal variability of these sources [6] " [15] . Furthermore, atmospheric monitoring does not permit forewarning, which would be required for improved risk management. Further approaches are either working directly on the surface or in the shallow subsurface. For example, a closed-top accumulation chamber may determine the CO 2 flux from a potential leak and could differentiate the leaking gas from other near-surface sources, such as soil microbes and vegetation using tracers. However, tracers have to be used conservatively during gas injection because most of them are powerful greenhouse gases.
Direct monitoring approaches in the shallow surface enables only spatially limited information. A leakage, on the other hand, will be formed depending on the geological structure and may also emerge in an area around the subsurface source. As a consequence, a cost-intensive, area-wide sensor network needs to be build-up (km scale) to supervise, e.g., critical regions of a geological repository. On the other hand, a number of advantages of shallow subsurface monitoring exist, e.g., they have a higher probability of detecting a leak due to a longer residence time of a gas anomaly in the shallow subsurface than in the atmosphere above the leak where-at, the expected leak position can be estimated already with a comparatively high accuracy with respect to a gas movement detected in the deeper ground, and shallow subsurface monitoring can enhance the time for a hazard management [15] .
To monitor CO 2 or tracers in the vadose zone or shallow groundwater, spatially distributed wells are required. These wells, however, provide again potential leakage pathways to the atmosphere [4] . Alternatively, measurement systems as the one proposed in the paper could be installed directly in the subsurface.
Linear sensor for areal subsurface gas monitoring
The presented gas sensing technology was introduced in [16] and was first demonstrated in the field in [14] . The gas sensor allows the phase-independent measurement of different gases in fluids using the same measuring method, i.e., the sensors works in the vadose zone, in the zone of saturation, as well as within groundwater [20] . The method is based on pressure changes over time within a measurement chamber built by a tubular, gas-selective membrane. Ambient gases permeate through the membrane in dependence of the concentration differences at both faces of the membrane. This permeation causes local partial pressure changes within the tubular, gas-selective membrane (measurement chamber) which result in a change of total pressure. This pressure change can be related to the mean gas concentration in the sensor's supporting volume for gas permeation near the dynamic equilibrium (steady-state fluxes). To establish the dynamic equilibrium, such a linear sensor is flushed by a reference gas (initialization step). During the subsequent measurement step the measurement chamber is closed by valves and the pressure change is recorded by a pressure sensor. A second tube, not permeable for gases, is used as reference membrane to compensate for ambient pressure changes. The tubes of the linear gas sensors (manufacturer: MeGaSen UG²) are made from a selective membrane (polydimethylsiloxane (PDMS) tubing, inner diameter = 3 mm, outer diameter = 6 mm, length = 40 m) and a reference membrane (polyethylene (PE) tubing, inner diameter = 3 mm, outer diameter = 5 mm, length = 40 m) [20] . Both membranes were protected against mechanical damage with a mesh made from PE-fiber.
Setup of the soil test field
The validation, optimization, and practical demonstration of the proposed subsurface monitoring system are carried out on the BAM 'Test Site Technical Safety'. For this purpose, a test field of 20 × 20 m 2 with a total depth of 1.5 m was built [21] , which enables an experimental validation of linear gas sensors for specific applications and gases in an application-relevant scale. First, the area of the test field was excavated and straightened with dredgers. The refill process was performed in layers with a long-arm dredger to allow a nondestructive installation of the sensor and gas injection system. It was alternated with a layer-wise installation of the sensor and gas injection system. During this process, the soil body was homogenized. The soil body consists of medium sand that is typical for the 'Baruther' glacial valley. Compaction of the sand was performed by vibrating plates to avoid subsequent subsidence.
The linear sensors were installed in several depths of the test field. A total of three sensor layers was implemented: one sensor layer in the middle with 40 sensor lines (0.5 m below ground level -BGL, see Figure 1 Figure 1 (c)) to cover the area partially. Sensors for measuring meteorological parameters (e.g., wind and rain) and the parameters soil temperature, soil moisture and groundwater level were installed additionally in the test field. Some soil temperature and soil moisture sensors were arranged vertically to generate corresponding data profiles. The linear sensors were laid in loops covering the whole length of the test field, see Figure 1 (a). To avoid lateral displacements during refill process, the linear sensors were fixed with cramps in the soil every approximately 0.5 to 1.0 m. The test field surface was build 0.3 m higher than local ground level.
For the simulation of gas emissions an injection system with 100 gas injection points (Figure 1(b) ) was installed in the test field (1.0 m BGL and 0.2 m above ground level -AGL) in a way that a quantitatively and spatially defined gas release can be applied reproducibly. A trench made of concrete was assembled at two sides of the test field. Cable trays were installed at the test field facing walls (Figure 2(b) ) to allow for a distributed installation of the sensors (operating and sensory elements of the membrane-based gas sensor), tubes (injection system, and flushing gas supply for the gas sensors), and data/power cables (i. a., soil temperature and soil moisture sensors). A ventilation system consisting of pipes and two fans was installed directly under the cover of the distribution trench to ensure air exchange (Figure 2(a) ).
The equipment for system operation and data acquisition, including industrial PC and fluidic components of the gas injection system was installed in a container near by the test field. The gas injection system consists of, i.a., a valve cluster with a total of 100 individual valves according to the number of injectors, a mass flow controller, and switching valves. The gas injection system enables the simulation of leakages with quantitatively and spatially defined gas releases that can be applied reproducibly to the test field.
Weighted MLEM reconstruction algorithm
To reconstruct soil gas distributions from orthogonallyaligned membrane-based linear gas sensors, we developed a weighted tomographic reconstruction algorithm based on Maximum Likelihood with Expectation Maximization (MLEM) that is commonly used in Computed Tomography (CT) applications [22, 23] . The original MLEM algorithm [26] was extended here by introducing a weight function in both the initialization (Equation (1)) and update step (Equation (3)). This was done to account for the sparse sensor setup that is described in more detail in Sec- 
wherēis the measured mean concentration of linear sensor (2)), and is an indicator function that equals 1, if the -th grid cell is intercepted by the -th linear sensor and 0 otherwise. The sensor's importance weight and thus its contribution to the -th grid cell depends on the difference of the integral concentration sum obtained from all linear sensors that have an intersection with grid cell and its individual integral concentration reading. Thus, a sensor with lower integral concentration value will receive a higher weight than a sensors with higher integral concentration value and vice versa red-sensors with similar integral concentration values will contribute in equal measure to grid cell . This is done to reduce artifact production along orthogonally-crossing linear sensors.
For each wMLEM iteration, the concentrations are updated using Equation (3) by comparing a set of measured with a set of calculated integral concentrations:
wherêis the set of measured integral concentrations, are the reprojection values after iterations that are calculated with Equation (4), using the concentration values and importance weights , and × is the number of grid cells (20 × 20) . As in [26] , we use a fixed number of iterations (50) for the reconstruction of the gas distribution maps. It was shown that this number provides reasonable results for most maps. After map reconstruction, a triangulation-based cubic interpolation is applied to smoothen the result. In comparison to the original MLEM algorithm, this approach improves map reconstruction by reducing artifact production along orthogonally-crossing linear sensors when a single gas source is present.
CO 2 injection experiments

Experimental setup
On five different days with varying boundary conditions (see Table 1 ), we simulated a CO 2 leakage in the test field center using 10 injection points (Figure 1(b) ). At each injection point the CO 2 was injected with a flow rate of 5 l/min for 15 min, i.e., a total of 0.75 m 3 CO 2 was injected in the test field. The subsequent CO 2 -formation within the subsurface was observed for about one day. To obtain calibrated sensor readings from the membrane-based gas sensors, the inverse calibration method presented in [3] was previously applied to the sensors. The time span for a measurement of the concentration-dependent pressure evolution within a linear sensor was uniformly adjusted to 10 s with the restriction that only one sensor at a time is measuring -the remaining sensors are conditioned by the reference gas. Thus, it takes 480 s to sample all the 48 linear sensors that have been installed in the soil test field, see Section 4.
Experimental results
The first experiment was performed in October 2014. On the day of the experiment #2 (2015-05-27) it was 5 min for the crossing linear sensors of the middle sensor layer in the test field center (0x18 and 0x19) to show a first response. This time is composed of the time needed for the initially pressure-driven gas expansion from the injection points to the 0.5 m higher lying sensory layer, the response time, and sampling frequency of gas sensors. The speed of gas dispersion in soil depends on the soil structure, texture, and locally varying water saturation and insofar will cause a non-isotropic, heterogeneous gas distribution. Additionally, CO 2 has a higher density than air, i.e., a considerable quantity of the injected CO 2 is assumed to spread downwards [14] . Figure 3 shows the gas distribution of the trial performed on 2015-05-27 approximately 2.50 h and 9.5 h after CO 2 injection reconstructed by using the proposed weighted Maximum-Likelihood ExpectationMaximization (wMLEM) reconstruction algorithm presented in Section 5. Figure 4 (a) shows the corresponding measured CO 2 concentrations of the crossing linear sensors (0x18 and 0x19) over time. It can be seen that the CO 2 concentration decreases over time, what is a result of the gas dilution driven by, e.g., gravity, barometric pumping effects, and diffusion. A weak lateral dispersion of the CO 2 is also visible in Figure 3 comparing the temporal sequence of the results.
Comparing the different trials with each other, it can be seen that the linear sensors are insensitive to barometric pressure fluctuations due to the reference membranes used (see Figure 4 and Table 1 ). Furthermore, the parameters soil temperature, air temperature and humidity, sun duration, and wind speed do not influence significantly the CO 2 measurement. A good match is given, especially when comparing the experimental trials that were performed within the period from 2015-05-27 to 2015-08-19 ( Figure 4(b) ).
The trial performed on 2014-10-23 shows a slightly higher measured CO 2 concentration (Figure 4(b) ). The flushing gas supply was controlled by a mass flow controller as of the beginning of 2015, i.e., in 2014 we regulated this flow by a hand valve, and the mixing of CO 2 with the compressed air that was needed for the inverse calibration routine [3] was performed in a small chamber that had a vent for pressure equalization, so it is likely that environmental parameters influenced the results of the inverse calibration. Comparing the raw measurements of the trials with each other confirms this finding. Since 2015, we use two mass flow controllers in combination with an emergency valve for the flushing gas supply to protect the linear sensor's pressure sensors and the inverse calibration routine.
The trial performed on 2015-11-17 shows a lower measured CO 2 concentration with a less steep rise in the beginning (Figure 4(b) ). A reason for this anomaly can be found in the significantly increased soil water content of approximately 15% due to rainfall on the 2015-11-17 (9.7 mm) and 2015-11-17 (7.1 mm). As a result, the pore network available for the injected CO 2 changed due to the enhanced soil water content.
Summary and conclusion
The paper presents an investigation based on a regular grid of linear sensors for distributed subsurface gas monitoring. For validation of the sensor system in applicationrelevant scale a soil test site was built up, where gas emission processes can be simulated to validate and improve sensor systems and algorithms for localization and quantification of gas leakages. Furthermore, a novel weighted iterative algebraic reconstruction method based on Maximum Likelihood with Expectation Maximization (MLEM) is introduced that performs the inversion based on samples of a sparse setup of orthogonally-aligned linear gas sensors. CO 2 leakage experiments demonstrated the applicability of the measurement technology for rapid leak detection and localization qualifying the sensor particularly for safety application, e.g., in carbon capture and storage areas.
As it stands now, the measurement technology could be directly implemented at a geologic carbon storage (GCS) site to monitor critical regions with dimensions in the order of magnitude of 100 × 100 m 2 , such as abandoned wells, critical public/industrial infrastructures, or critical geological formations. The spacing of the linear sensor will be based on the soil morphology and the groundwatersurface distance, but should be less than 5 to 10 m in order to allow for a meaningful reconstruction of the gas distribution that is based on a continuity of CO 2 concentration between adjacent linear sensors, and a precise localization of the gas source using the weighted MLEM algorithm. Linear sensors of different geometry and form factor can be combined in a network with conventional, point-wise sensors in dependence of the properties of the observation area. For installation of the linear sensor, the soil can be slotted or holes can be drilled (horizontally or vertically).
In future work, a systematic long-term validation of the sensor including regular inverse calibration experiments and defined variation of ambient parameters will be carried out. Theoretically, the direction of installation of the sensor (horizontally vs. vertically) should be irrelevant, however, field tests with a vertically installed sensor need to be performed in the future. Soil gas reference measurements taken at specific peak locations will be used to further evaluate the quantitative results of the wMLEM reconstruction algorithm. Furthermore, quality criteria for terminating the reconstruction process of the MLEM algorithm will be defined to avoid over-fitting.
